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Hydrographic Estimate of Climatological Geostrophic
Circulation over the Continental Shelf
of the East Coast of the United States,
27°N to Sandy Hook, New Jersey
1.

Purpose and Scope
This document is being prepared for the Council on

Environmental Quality (CEQ) as a portion of the Virginia
Institute of Marine Science (VIMS) response to the geostrophic current estimate portion of task 1 and task 5
of the contract.

It consists of an estimate of mean geo-

strophic currents on the continental shelf of the East
Coast of the United States between Sandy Hook, New Jersey
and latitude 27°N.

Also included is a surmnary of speeds of

surface current in the Gulf Stream east of the area of
interest.
In addition, the method of estimation for geostrophic
currents is described and augmented with enough material
to produce alternative estimates.
2.
2.1

General Hydrography and Circulation
Geography
The area in question lies between the Eastern sea-

coast of the United States and the outer edge of the continental shelf.

This outer edge occurs geographically near

the 100 fathom depth contour.

Th

width of the shelf is

about 10 km at 27°1 increasing to 130 km off Georgia and
decreasing to 30 km off Cape Hatteras, North Carolina.
North of Cape Hatteras, it increases in width to 180 km
off New Jersey.

The bathymetry of the shelf in general
-1-

-2has a relatively steep slope from the shore to about 20 km
from shore.

There it flattens somewhat and maintains a

typical depth with a slight slope out to the shelf edge,
where it drops abruptly.

In the area of interest, the

typical depth is about 30 meters south of Cape Hatteras
and about 40 meters north of Cape Hatteras.
2.2

Water Masses
Although the values of temperature vary widely with

season and those of salinity vary widely with season and
distance from shore, three distinct water masses are generally recognized in the area of interest.

South of Cape

Hatteras, the Gulf Stream, forming the eastern boundary
of this area, flows at the edge of the shelf.

There is a

distinct shelf water between the Gulf Stream and the coast.
North of Cape Hatteras, the Stream leaves the shelf.

The

water over the shelf remains distinct, being also distinct
from the shelf water south of Cape Hatteras.

Between the

Stream and the shelf water is a third water mass, called
slope water.
2.3

Stratification
The density structure of shelf waters undergoes a

yearly cycle consisting of two states (summer and winter)
and transitions between these states .

The summer steady

state is characterized by strong vertical stratification
associated with the summer seasonal thermocline and echoed
by the salinity structure.

The winter steady state is

characterized by a weak horizontal stratification and

-3-

virtual homogeneity in the vertical.

During the spring

the onset of vertical stratification occ_u rs throughout
the shelf, and in the fall the summer stratification is
erased in less than a month.

The circulation patterns

and even significant processes may be expected to be
different in the summer and winter state.
3.
3.1

The Gulf Stream
Speed of Flow
The North Atlantic Ocean moves in a clockwise gyre,

but near the western boundary (the eastern shore of the
United States) this motion becomes a narrow, rapid current.
The maximum value of the surface current in the Stream is
about three orders of magnitude greater than mean currents
over the shelf.
3.2

Variability of Position
The Gulf Stream flows northward through the passage

between Florida and the Bahamas.

From that point to Cape

Hatteras, the coast swerves toward the northeast and the
stream follows the shelf break closely.

North of Cape

Hatteras, however, the coastline tends toward the northwest while the Gulf Stream turns from northeastward to
east-northeastward and heads out toward sea.
South of Cape Hatteras the Gulf Stream shifts
position.

Confined as it is by the proximity to the conti-

nental slope, the lateral excursion of the stream is at most
20 km.

The time for a meander cycle is about a week.
North of Cape Hatteras the Gulf Stream can meander

-4more than a hundred kilometers from its mean path, and
follow a serpentine course.

Occasionally an "oxbow" in

the Gulf Stream will be pinched off to form a free-drifting
eddy.

Clockwise eddies have been sent west of the Stream

and counter-clockwise eddies east of the stream.

These

eddies have sometimes been known to rejoin the Gulf Stream.
4.
4.1

Shelf Water Circulation Types
Because the continental shelf circulation mediates

physically between the surface and bottom of the ocean and
between the ocean and the shoreline with alternate sandy
beaches and mouths of estuaries, it is necessarily complex
and multi-scaled.

On the largest scale, corresponding to

the entire shelf width, the circulation is geostrophic unless
the top and bottom boundary layers grow to influence the
entire water column.

The top and bottom boundary layers

themselves have separate roles but they merge as the depth
decreases towards shore.

The nearshore circulation is a

result of this merger and non-linear effects associated with
the tides and the progression of the seasons.

Inertial and

internal waves as well as waves in nearly geostrophic balance
enter to confuse further an already complex picture.
4.2

To determine whether geostrophic current estimates are,

in a given region, good approximations to the actual mean
current, it is necessary primarily to decide whether that
region is "far away from the boundaries".

Over the conti-

nental shelf, the answer for a given place is time-dependent.
For instance, during the fall, when cold air and high winds

·,

-5are present over the shelf, the upper boundary·layer extends
through the entire depth of the shelf waters whereas during
summer, it extends only through the first few meters of depth.
5.0

Geostrophic Current Estimation

5.1

The geostrophic balance is between Coriolis force,

which is proportional to speed, and horizontal gradient of
pressure.

The calculations used in the estimate are those

needed to estimate the horizontal pressure gradient using
the hydrostatic balance in the vertical.

This is done by

assuming a horizontal pressure gradient at some level and
integrating the hydrostatic equation vertically to other
levels.

In the present case, the level at which the hori-

zontal pressure gradient is assumed is the surface of the
ocean.

Thus, the estimate is of the "relative" part of

pressure gradient, due to horizontal gradients of density
in the vertical integration.

Unspecified is the "slope 11

part of the pressure gradient, due to the slope of the
sea surface.
5.1.1

Each part of the pressure field has an accompanying

geostrophic current.

The part of the geostrophic current

which is related to the horizontal gradients of density in
the vertical integration is called the relative current.
It possesses both vertical and horizontal structure.

The

gradient current is the only part of the geostrophic current
which can be calculated from the density field directly.
5.1.2

The horizontal pressure gradient associated with

the free surface slope leads to another geostrophic current

-6component called slope current.

This current is constant

in the vertical and is not directly related to the density
field.

Because slopes which cannot be directly measured

are responsible for almost all slope currents, the slope
currents cannot be estimated directly.
5.1.3

A concept which has been used to estimate the slope

component of the current from the gradient part and the
hydrography is that of a level of no motion.

If such a

level exists, then the slope current at that level must be
equal and opposite -to the gradient current.

In many cases,

hydrographic evidence can be used to estimate a "level" or
surface of relatively small motion independently of density
calculations.

Equivalent to estimates of level of no motion

are those of total transport through a section.

In both

cases, the object is to determine the slope current.
5.2

In many parts of the deep ocean, the gradient current

becomes independent of depth at great depths and well above
the bottom.

The level of no motion then can become a region

of little motion if the entire lower part of the section is
considered stagnant relative to the surface water.

This

approach works well for estimates of current in the surface
water, although not for estimates of transport in the deep
water.

Sometimes, particularly in shallow areas such as the

continental shelves, there is no region in which the gradient
current becomes independent of depth.

Then, the bottom is

sometimes taken as a level of no motion under the assumptions
that friction forces the current to be zero at a solid

-7boundary.

Such a choice is somewhat naive, as-a net geo-

strophic current at the bottom can be brought to zero by
a bottom boundary layer which is not geostrophic.

In some

other cases, the hydrographic evidence indicates that a
particular section of the water either is or is not stagnant
relative to the surrounding water.

Such inferences are

usually made from maxima, minima, or large gradients of
conservative or non-conservative measured properties which
are not directly related to density.

If the region under

study has solid bo~ndaries, the net geostrophic transport
can be estimated from conservation conditions or the net
current can be adjusted to flow parallel to the coastline.
In both cases, the effects of boundary layers both as sources
and sinks of geostrophic currents and as mechanisms for
transporting significant volumes of water must be kept in
mind.

Lastly, direct current measurements using fixed

meters or water following floats can be made.

Such measure-

ments have proven unreliable for estimating slope currents
primarily because of the great variety of time dependent
motions which are also recorded on such instruments.
6.0

Important Non-Geostrophic Effects

6.1

Besides confusing the determination of slope currents,

non-geostrophic effects may contribute much more to the
actual current than does the geostrophic current.
6.2

The wind is the driving force for both direct and

indirect effects.

The direct effects are limited to a

surface boundary layer of varying depth and structure.

If

-8-

a solid lateral boundary is present, a small transport from
the direct wind effect can quickly establish a pressure
gradient throughout the shelf region.

The resulting pressure

gradient affects the entire shelf circulation in ways which
produce different flow fields during the summer, when the
basic density field is vertically stratified, and the winter,
when the basic density field is horizontally stratified.
The wind also produces waves, which radiate energy and
momentum into shallow regions and eventually produce nearshore current systems extending several miles from the beach.
6.3

Besides the wind, tidal forces produce significant

non-geostrophic currents throughout the continental shelf
regions.

These currents are primarily oscillatory, so they

produce net transport only in regions of non-linear interaction.
Over the area in question, such regions are limited to a
few kilometers (perhaps 20) from shore except near the mouths
of large estuaries, where the effects may be more widespread
approximately radially from the estuary mouth.

Such non-

linear effects are probably stationary in position as they
depend only on tide-producing forces and topography.
6.4

Another set of non-geostrophic motions which are signif-

icant during some times of the year are essentially secular
changes associated with the transitions between winter
horizontally stratified and summer vertically stratified
conditions.

Of particular note with regard to a study of

potential oil spill hazards is the fall transition, which
usually occurs in a short time during the months of

-9September or October each year.

The transition and over-

turning are accompanied by an onshore flow of surface water
associated with an offshore flow of deeper water.
flow is neither wind driven nor geostrophic.

This

It is well

documented in drift bottle and bottom drifter return
·:

records.
7.0

Description of the estimate

7.1

The Gulf Stream Monthly Summary published by the Naval

Oceanographic Office contains the historical position of
maximum current.

These curves were drawn from data in

Hydrographic Office Publication No. 571, and are based on
at least two hundred observations per one-degree square.
The observations are shipboard determinations of the point
in space where maximum course deflection caused by the Gulf
Stream occurred.
The Dec. 1972 issue of the Gulf Stream Report
summarized a series of eighteen BT sections made across the
Gulf Stream at approximately monthly intervals.

From the

subsurface structure revealed on the BT's, regions of rapid
spatial variation in temperature can be seen on either side
of a warm-water 'core'.

These are considered to be the

northern and southern 'walls' of the Gulf Stream.

By

extrapolating these 'walls' to the surface, one obtains
northern and southern edges of the surface current.
7.2

Gulf Stream Speed and Transport
There are several methods of determining velocity in

the Gulf Stream but none is entirely satisfactory.

The

-10indirect method derives velocity from the density field
using the geostrophic relationship.

Unfortunately there

is an unknown constant of integration in the process leading
to ambiguity in the calculated velocity and transport.

It

is generally assumed that the velocity vanishes at a depth
of 2000 m, but the arbitrariness of this number should
always be kept in mind.
Direct methods include ship-drift calculations using
Loran fixes, towed electrodes and the bathypitotmeter.

All

three methods require navigation fixes, either to determine
the ship's motion or to monitor the ship's position as it
stems the current to hold stationary.
Transport can be calculated by integrating velocity
over a cross-sectional area including the Gulf Stream.
Where the Florida current passes between Florida and Cuba,
a direct electromagnetic method is employed, using the
Western Union cable between Key West and Havana.
7.3

The gradient current estimates consist of charts of

average dynamic height anomalies of isobaric surfaces at
approximate levels of 10, 20, 30 and 50 meters referred to
the surface.

Such charts are usually called dynamic depth

charts or dynamic topography charts.

They were constructed

from climatological monthly averages of dynamic depth as
given to VIMS by the National Oceanographic Data Center
(NODC) for one degree squares.

The data received from NODC

consist of the mean value, the number of separate determinations included in the mean, the standard deviation, and

-ll-
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the highest and lowest values of dynamic ·with anomaly at
each depth in each one degree square fo~ each month.

Squares

for which data were missing, not required or for which the
resulting values were judged wrong were blocked out of the
charts.

In the latter class is the square northwest of

37°N, 75°w which includes the Eastern Shore of Virginia.
To a depth of 30 meters in this square, values from Chesapeake Bay sometimes bias the continental shelf measurements
so that a value representative only of the continental shelf
cannot be obtained.

The squares northwest of 38°N, 73°W;

37°N, 72°W; 37°N, 74°w and 35°N, 74°W were not included in
the data received from NODC.

Their absense makes contouring

and interpretation north of Cape Hatteras difficult, but the
data south of Cape Hatteras are complete.
The seasonal averages for each depth in each square
were calculated by weighting the monthly averages by the
number of measurements in each month.

Thus, they are true

averages of all the measurements made during the season.

The

summer averages are from June, July and August while the
winter averages are from December, January, and February.
During these periods of time, the surface water is gradually
changing its temperature with resulting changes in dynamic
topography at all depths.

Some of the seasonal averages

contain a preponderence of data from a single one of the
three months.

In cases where such a preponderence resulted

in a high or low value for the seasonal average, the average
value was altered to produce a smoother set of contours, but

-12never more than to the average of the center month.
8.0

Presentation and interpretation of the data

8.1

Mean Position
A mean Gulf Stream position has been computed and

plotted from the Monthly tracks published in the Gulf
Stream Monthly Summary (Fig. 1).

The chart also gives

extreme limits deduced from the monthly average tracks.
These tracks are based on ships' observations of drift and
so are rather crude.

The mean position as observed from

ships' crossings by NOO is displayed on the next chart
(Fig. 2), again with the extreme positions indicated.

The

results agree well with the mean position deduced from ship
drift observation.
8.2

Variability of position
The next four charts (Fig. 3-6) show the mean monthly

positions as presented in the Gulf Stream Monthl

Summar .

The month-to-month variation in position seems too variable
to be 'real', i.e. seems heavily influenced by random effects
of a small sample.
8.3

Surface Current and Transport
The enclosed figure (Fig. 7) (from Worthington, 1954)

shows surface currents of the Gulf Stream determined by three
different methods.

All three methods give a maximum current

of about 2.5 meters per second.
At the southern limit of the study area, the Florida
current is forced through the channel between Florida and the
Bahamas.

Several computations of transport were made in the

-13Florida straits and the mean value of these is about 26 x 10 6
cubic meters per second.

These computations suffer from the

necessity of assuming a level of no motion.

A separate

electro-magnetic measurement using a submarine cable from
Key West to Havana also gives a figure of 26 x 10 6 cubic
meters per second, with oscillations as high as 40 x 10 6 .
By the time the stream passes Cape Hatteras, it has
increased its transport greatly, to about 82 x 10 6 cubic
meters per second.

A summary of several transport estimates

of the Gulf Stream (Knauss, 1969) reveals an exponential rate
of increase in the downstream direction amounting to 7% per
100 km.

The highest transport measured is 147 x 10 6 cubic

meters per second at 39°N, 65°W, well offshore in the North
Atlantic Ocean.
8.4

The charts of geopotential topography (figure 7 through

14) represent the horizontal structure of pressure difference
from a standard ocean relative to the surface.

These can be

interpreted as streamlines of the geostrophic flow relative
to the sea surface in the direction indicated by the arrowheads.

If a given chart is at a level of no motion, the

corresponding geostrophic surface current has the same pattern
of streamlines with the direction of flow reversed.

Our

estimate of surface current, then, will consist of one of
these charts in a given region which we choose to exhibit a
level of no motion.
From dynamical considerations, if such level exist,
we can expect them to be different for winter and summer, to

-14the right and left of the Gulf Stream, and north and south
of Cape Hatteras.

The level seaward of the Gulf Stream is

certainly deeper than our analysis extends and is of little
relevance to this estimate for shelf waters.

North of

Cape Hatteras, the circulation pattern is largely fragmented because of data gaps.

We can choose a level of 50

meters as well as any other with accompanying low reliability.
In the area west of the Gulf Stream and south of Cape
Hatteras, the situation is clearer.

In the winter the chart

at 20 meters is nearly identical to the one at 30 meters.
This identifies a region where the vertical gradient of
velocity is very small.

We associate (although not necess-

arily) this region with a level of no motion.

Thus, in the

winter we take 20 meters as the level of no motion.

Where

the water is shallower than 20 meters, use the 10 meter
charts for patterns and double the computed velocities.
In this area during the summer, a different situation
exists.

The charts show similar patterns with the gradients

increasing approximately linearly with depth.

If any of

these is chosen as a level of no motion, the surface current
direction remains fixed; only the magnitude varies.

There

may not be a level of no motion on the shelf, as would be
the case if it were at 80 meters, for instance.

Because of

the streamline similarity between charts, the 10 meter chart
is used for the direction of the surface current with the
magnitude multiplied by a common scaling factor, 5 as a guess.

-158.5

In the region south of Cape Hatteras and west of the

Gulf Stream, the 20 meter winter contour chart indicates
a northerly mean current throughout the region.

The current

is constant across the width of the shelf with a magnitude
of 1 to 4 cm/sec.

The 10m chart shows an inshore counter

current of about 2 cm/sec between Cape Kennedy and the
Savannah River.
In the summer the mean current pattern is more complex, as is seen from the 20 meter chart, for example.
There is net northward flow indicated only in the southernmost section of the region.
flow is stagnant.

Between 30°N and 32°N, the

The rest of the distance to Cape Hatteras

is taken with an apparent gyre centered on Frying Pan
Shoals.

As t~e size of this gyre is about that of the

spatial resolution of the grid, it can be interpreted only
as evidence of a small scale circulation pattern in the
summer near Frying Pan Shoals.

Again, the 10 meter chart

indicates southward inshore surface flow from Cape Kennedy
to the northern border of South Carolina.
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Figure 1 .

Historical _ ean Position for •aximum Current in the Gulf Stream ,
Median and Extremes of onthly Averages .
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Figure 2.

Observed Gulf Stream Position from 100 XBT Casts (From Gulf
Stream Monthly Summary, Dec. 1972) .
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Figure 3.

Historical

.ean Position of the Gulf Stream, January-March.
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Figure 4.
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ean Position of the Gulf Stream, April-June.
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Figure 5 .
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ean Position of the Gulf Stream , July-September .

I
I\.)
I\.)

I

o'I>
0

Figure 6.

Historical

ean Position of the Gulf Stream, October-December.
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Figure 7.

Closely Spaced 1easurcments, by t~rthington
(1954, fig. 7), of Surface Current Across
the Gulf Stream. Surface velocities as
computed in three ways are indicated: by
geostrophic equation- oJjd black squares; by
towed lectrode, with corrections appliedsolid black circles; by successive Loran
fixes - open circles.
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Figure 8 .

Contours of the Dynamic Depth Anomaly of the Nominal 10 decibar
surface for the summer .
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Figure 9.

Contours o= the Dynamic Depth Anomaly of the
surface for the summer.
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Figure 10 .

Contours of the Dynamic Depth Anomaly of the
surface for the summer .
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Figure 11 .

Contours of the Dynamic Depth Anomaly of the 3orninal SO decibar
surface for the summer .
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Figure 12.

Contours of the Dynamic Depth Anomaly of the
surface for the winter.
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Figure 13 .

Contours of the Dynamic Depth Anomaly of the
for the winter.
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Figure 14.

Contours of t!"le Dynamic Depth Anomaly o~ the _1ominal 30 decibar
surface for t~e winter .
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Figure 15 .

Contours of the Dynamic Depth Anomaly of the Nominal 50 decibar
surface for the winter .

